Recent studies indicate that a fraction of the information contained in an amino acid sequence may be suf®cient for specifying a native protein structure. An earlier alanine-scanning experiment conducted on bovine pancreatic trypsin inhibitor (BPTI; 58 residues) suggested that if cumulative mutations have additive effects on protein stability, a native protein structure could be built from BPTI sequences that contained many alanine residues distributed throughout the protein. To test this hypothesis, we designed and produced six BPTI mutants containing from 21 to 29 alanine residues. We found that the melting temperature of mutants containing up to 27 alanine residues (48 % of the total number of residues) could be predicted quite well by the sum of the change in melting temperature for the single mutations. Additionally, these same mutants folded into a native-like structure, as judged by their cooperative thermal denaturation curves and heteronuclear multiple quantum correlation (HMQC) NMR spectra. A BPTI mutant containing 22 alanine residues was further shown by 2D and 3D-NMR to fold into a structure very similar to that of native BPTI, and to be a functional trypsin inhibitor. These results provide insight into the extent to which native protein structure and function can be achieved with a highly simpli®ed amino acid sequence.
Introduction
Information degeneracy in an amino acid sequence (Bowie et al., 1990; Cordes et al., 1996) can be broken down into two types, relating to the base and the exponent of the equation used to calculate the number of possible amino acid sequences of a given length. The equation is: number of possible sequences (residue type) number of residues . The base in this equation is usually taken to be 20, for the 20 naturally occurring amino acids, but there is degeneracy inherent in the overlapping structural characteristics of these 20 amino acids. The exponent is given by the length of the polypeptide, but there is degeneracy here as well, since some sites along the amino acid sequence do not specify the protein structure. For the purposes of this discussion, we de®ne these two types of information degeneracy as class redundancy and site redundancy, respectively.
Examples of substantial class redundancy have been reported by Gassner et al. (1996) , Riddle et al. (1997) and Schafmeister et al. (1997) . CD and NMR studies indicate that the small b-sheet SH3 domain can be built largely from ®ve representative amino acid residues (Riddle et al., 1997) . In another study, the X-ray crystal structure of a de novo designed protein containing a reduced alphabet of seven amino acid residues was shown to adopt a native four-helix bundle structure (Schafmeister et al., 1997) . Examples of site redundancy are provided in a report by Brown & Sauer (1999) Abbreviations used: BAPA, N a -benzoyl-D,L-arginine p-nitroanilide; BPTI, bovine pancreatic trypsin inhibitor; CD, circular dichroism; DQF-COSY, double quantum ®ltered correlation spectroscopy; HMQC, heteronuclear multiple quantum correlation; HSQC, heteronuclear single quantum correlation; NOESY, nuclear Overhauser effect spectroscopy; T m , midpoint temperature; TOCSY, total correlation spectroscopy.
E-mail address of the corresponding author: tocio@wi.mit.edu which three to 15 residues (out of 53 residues) were simultaneously changed to alanine residues. The mutant proteins had native properties as judged by cooperative CD melts and DNA binding activity. These reports indicate that a signi®cant amount of information degeneracy is present in an amino acid sequence, and stress the need for further study of both class and site redundancy.
Site redundancy, however, is less accessible to study than class redundancy, as it is dif®cult to remove structural information from speci®c sites in an amino acid sequence. The ideal procedure for doing this would be to replace residues at target positions with a``structurally neutral'' building block, one that maintains the amino acid sequence length without directly assisting in determining the protein structure. In many reports, the alanine residue has emerged as the best representative of such a building block (Cunningham & Wells, 1989) . The reasons underlying the choice of alanine for this purpose are the same as those invoked in alaninescanning experiments: the alanine side-chain is small, which avoids steric clashes, and alanine does not introduce the¯exibility of a glycine residue.
The conceptual classi®cation of class and site redundancy may sometimes be equivocal, since some studies of information degeneracy in amino acid sequences may concern both types of degeneracy. For example, a stretch of ten residues corresponding to an a-helix in phage T4 lysozyme can be changed to alanine residues and the protein will retain the same overall fold as the wild-type protein (Heinz et al., 1992; Matthews, 1995) . In another experiment, ten residues in the hydrophobic core of T4 lysozyme were replaced by methionine residues (Gassner et al., 1996) . Although the fraction of amino acids changed to methionine residues is only 6 %, this experiment is particularly interesting because the replaced residues are located in the protein core, yet the protein's backbone structure remains essentially the same as that of native T4 lysozyme.
Here, we investigate the amount of site redundancy present in the BPTI sequence. BPTI has served as a model system for the analysis of many aspects of protein structure, and our mutants are derived from a previously constructed single disul®de bond variant of BPTI, called BPTI (previously referred as [5-55] Ala ÁM0/M52L; Yu et al., 1995) . This variant has a single disul®de bond between residues 5 and 55, and four cysteine residues mutated to alanine residues. A closely related protein called Ala , which differs from BPTI in that it has an additional N-terminal Met residue and contains Me 52 instead of Leu, has been shown to have essentially the same structure as wild-type BPTI (Staley & Kim, 1992) . Based on the assumption that alanine is a good model for a structurally neutral building block, and on the results of a previous alanine-scanning experiment (Yu et al., 1995) , we made and analyzed six variants of BPTI containing from 21 to 29 alanine residues. We found that the effect of multiple substitutions on the midpoint temperature is additive over a large number of substitutions, and that the level of site redundancy is remarkably high: we observed a native BPTI-like fold for a sequence containing up to 27 alanine residues.
Results and Discussion

Design and characterization of mutant sequences
Site redundancy within the BPTI sequence was assessed by constructing six BPTI mutants containing 21, 22, 26, 27, 28 and 29 alanine residues, referred to as respectively . These variant BPTI sequences ( Figure 1 ) were designed based on the results of a previous alanine-scanning experiment for [5-55] BPTI (Yu et al., 1995) . As [5-55] BPTI already contains six natural alanine residues plus four cysteinereplacing alanine residues, we designed the BPTI-22 sequence by simultaneously changing all Figure 1 . Sequences of variant BPTIs. The BPTIs are named after the number of alanine residues in their sequences. The alanine residues are emphasized by a shaded pattern. The wild-type BPTI contains six alanine residues and three disul®de bonds (5-55, 14-38, and 30-51) . BPTI is a single disul®de bond BPTI variant in which cysteine residues 14, 30, 38 and 51 are replaced by alanine and, in order to avoid cleavage by cyanogen bromide, M52 is replaced by a leucine residue. The secondary structures were determined by DSSP (Kabsch & Sander, 1983) for the native BPTI (PDB ®le; 5pti).
12 of the least destabilizing [5-55] BPTI residues to alanine. BPTI-21 was later derived from BPTI-22 by restoring R39 in the secondary active-site loop (Perona et al., 1993) in order to regain the protein's full trypsin-inhibitory activity. For BPTI-26, in addition to exploiting the results of the alaninescanning experiment (Yu et al., 1995) , we constrained the number of alanine residues placed in a row to three, since alanine has a strong tendency to form helices (Heinz et al., 1992; Padmanabhan et al., 1990) .
The ®nal BPTI-29 sequence, in which half of the residues are alanine, was designed according to the following three criteria: (i) no more than four alanine residues are present in a row; (ii) at least four charged residues are left to maintain the protein's solubility; and (iii) the least destabilizing alanine replacements are used. The most destabilizing replacements in this ®nal sequence are P9A and L6A, which decrease the melting temperature of [5-55] BPTI by 5.5 and 4.6 deg. C, respectively (Yu et al., 1995) . BPTI-27 and -28 were generated as a result of this strategy for constructing the ®nal BPTI-29 sequence, and are included here for completeness.
Sedimentation equilibrium data indicate that all of the mutants are monomeric (Table 1) . For each of the four mutants that contain up to 27 alanine residues, we observe a cooperative and reversible (>95 %) thermal denaturation curve (Figure 2(a) ), and a sharp and dispersed 1D-NMR spectrum (data not shown). Also, the HMQC spectra show characteristic peaks that strongly suggest an overall native-like fold for BPTI-21 through to BPTI-27 (Figure 2(b) ).
BPTI-28 and BPTI-29, on the other hand, do not produce native-like conformations. BPTI-28 has characteristics intermediate between a native state and a molten globule state, while BPTI-29 exempli®es a molten globule (Ohgushi & Wada, 1983; Kuwajima, 1989; Ptitsyn, 1992; Peng et al., 1995) . Although the 1D-NMR spectrum of BPTI-28 has many features reminiscent of a folded protein, and many cross peaks in the HMQC spectrum are sharp and well dispersed (Figure 2(b) ), the thermal denaturation curve is not cooperative (Figure 2(a) ). Furthermore, some minor peaks, probably originating from the presence of multiple backbone conformations, are observed in the HMQC spectrum. The thermal denaturation curve of BPTI-29 is also not cooperative (Figure 2(a) ), and both the 1 H-NMR and HMQC (Figure 2(b) ) spectra are qualitatively similar to those of a denatured protein.
As a further test of a native-like BPTI structure, we assessed the trypsin-inhibitory activity of the mutants. BPTI-21, which maintains all of the key residues important for trypsin binding, is fully inhibitory (100 % compared to the wt-BPTI activity). BPTI-22, which lacks R39, an arginine residue involved in two hydrogen-bonding interactions with the trypsin residue backbone (Perona et al., 1993) , has 60 % activity at a 1:1 stoichiometry and a protein concentration of 280 nM; however, at a 1:2 stoichiometry, BPTI-22 completely blocks trypsin activity. Although we cannot rule out an induced-®t conformational change in the BPTI variants upon binding to trypsin, these inhibition studies provide additional support for the conclusion that BPTI-21 has a native-like BPTI structure. We speculate that the removal of the R39 side-chain results in a lower binding af®nity due to the loss of a hydrogen bond between R39 and the main-chain carbonyl group of the trypsin residue N97 (Ru È hlmann et al., 1973) . BPTI-26 has no trypsininhibitory activity, presumably because this mutant lacks not only R39 but also K15, which is buried in the trypsin-speci®city pocket of the trypsin/BPTI complex (Ru È hlmann et al., 1973) .
Additivity of the melting temperature changes
Remarkably, the melting temperatures of the [5-55] BPTI variants containing multiple alanine residue substitutions can be predicted by the sum of the change in melting temperatures for the single mutations (Table 1) . While melting temperatures do not represent a direct quantitation of the unfolding free energy, additivity of melting temperature changes is expected when the unfolding entropy changes (ÁS) of the variants are the same, a The molecular masses in solution (M meas ) were determined by analytical ultra-centrifugation. M exp is the expected molecular mass as calculated from the amino acid sequence.
b The midpoint temperature, T m , is determined as the maximum of the derivative of the denaturation curve monitored by CD at 222 nm. The error is estimated to be AE1 deg. C. No T m values were determined for BPTI-28 and BPTI-29 because their melts were not cooperative.
c Predicted T m values were calculated from the melting temperature of BPTI by assuming an additive effect for the simultaneous replacements. The melting temperatures for the single mutations are taken from Yu et al. (1995) and the error is estimated to be AE0.2 deg. C. were carried out without reference to the NMR data of [5-55] Ala or wt-BPTI. All residues have corresponding cross peaks visible in the HMQC spectrum of BPTI-22, except for G37, whose peak lies outside of the plotted region. R39 and A40 are the only peaks that are shifted by the A39R mutation, and they are indicated in parentheses in the BPTI-21 spectrum. Tentative assignments of peaks readily transferred from BPTI-22 to BPTI-26 and BPTI-27 are shown in parentheses. and the change in unfolding enthalpy changes (ÁÁH) introduced by the combined mutations is equal to the sum of that for the single mutations. Such additivity has been observed previously for a smaller number of combined mutations (Kimura et al., 1992; Blaber et al., 1995; Zhang et al., 1995) , and additivity might be expected for multiple mutations exposed on the protein surface. The three most buried residues replaced in our study have relative accessibilities (Ooi et al., 1987) above 37 % (P9, T54 and G56). Deviations from additivity have been observed in multiple-alanine mutants of Arc repressor in which some of the mutated residues are over 85 % buried in the native protein (Brown & Sauer, 1999) .
BPTI-like structure of BPTI-22
We carried out an NMR study of BPTI-22, which is well structured, as demonstrated by its HMQC spectrum, and is suf®ciently soluble for thorough NMR experiments. Resonance assignments for BPTI-22 were obtained using 2D-NMR and (Figure 3(a) ). The sequential and medium-range NOEs indicate that BPTI-22 has the same secondary structure elements as wild-type BPTI (Figure 3(b) ). The structural similarity is further substantiated by the identi®cation of 40 medium and long-range NOEs in BPTI-22 that are consistent with a BPTI-like structure (Figure 3(c) and Table 2 ). The NMR spectra, partial trypsininhibitory activity in BPTI-22 and full trypsininhibitory activity in the R39-containing BPTI-21, are strong indications for BPTI-like native structure in BPTI-22.
Native to molten globule state threshold
Although mutants with up to 27 alanine residues appear to be native-like, the structures of BPTI-26 and BPTI-27 could not be directly assessed by NMR because of their low melting temperatures, limited solubility, and the large number of alanine residues which introduce ambiguities in the sequential assignment procedure (Wu È thrich, 1986) . However, the signi®cant overlap of the peaks in the HMQC spectra of BPTI-26 and BPTI-27 with those of BPTI-22 (Figure 2(b) ) suggests that the overall structures of these molecules are similar.
By examining a series of mutants containing an increasing number of alanine residue replacements, we were able to detect the fraction of alanine content at which the characteristics for the native BPTI state disappear. The transition from a structurally unique state to a molten globule state occurs in BPTI-28. The variant with one additional alanine residue, BPTI-29, has a 50 % alanine content: this variant has characteristics typical of a molten globule state (Ohgushi & Wada, 1983; Kuwajima, 1989; Ptitsyn, 1992; Peng et al., 1995) . In our studies, both the relatively low solubility and high helical propensity of alanine were considered when designing sequences, and these considerations probably decrease the maximum number of alanine residues that can be contained in a BPTI-like foldable sequence. Thus the native to molten globule threshold occurs at approximately 50 % alanine content. More generally, the threshold number will depend on the protein's shape and size. For example, as larger proteins have a greater proportion of their residues buried in their core, they are therefore expected to have a lower threshold.
Information degeneracy experiments with molten globules provide insight into how the low-resolution backbone fold is speci®ed. The observation of a molten globule state in BPTI-29 is similar to previous ®ndings which indicate that the overall fold of a molten globule is de®ned by a small fraction of the information contained in the amino acid sequence (Kamtekar et al., 1993; Davidson & Sauer, 1994; Davidson et al., 1995; Wu & Kim, 1997) . For example, the helical domain of a-lactalbumin, in which all the hydrophobic residues were replaced by leucine residues, maintains a native-like global fold (Wu & Kim, 1997) . In another example, a homeobox domain, in which almost half of the residues were simultaneously changed to alanine residues, was demonstrated to be a molten globule The underscored pairs are represented in Figure 3 (c). Distances were calculated from the crystal structure of the wild-type BPTI (Wlodawer et al., 1984) . The shortest distances are listed for prochiral and methyl group protons.
that retains residual DNA binding activity (Shang et al., 1994) .
Conclusions
Our results indicate that a native BPTI structure can be speci®ed by a simpli®ed sequence in which approximately half of the residues are alanine. The progressively reduced stability observed with multiple alanine mutations indicates a threshold for the transition between a native state to a molten globule state. This result should help in understanding which residues are critical in determining a native protein structure. Furthermore, the additivity observed for the destabilizing effect over a large number of alanine residue substitutions should be useful in the design of mutants with multiple surface residue substitutions. C. L52 and residues mutated to alanine are not included. For comparison, a line with a slope of one is shown on each panel. (b) Summary of the sequential and medium range NOE connectivities. The sequential NOEs are classi®ed as strong, medium, and weak, and are represented by thick, medium, and thin lines, respectively. A30 and N43 NH-a were not observed because of an overlap with the water signal that is suppressed by presaturation. For reference, the secondary structures observed in the wild-type BPTI (Kabsch & Sander, 1983; Wlodawer et al., 1984) are indicated. (c) Graphical representation (Kraulis, 1991) of the wildtype BPTI backbone with some representative NOEs observed in BPTI-22 indicated by arrows.
Materials and Methods
Plasmid construction
A synthetic DNA oligomer coding for BPTI-22 was ligated into the HindIII/BamHI site of pMMHa to create the pMMHaBPTI-22 plasmid. The pMMHa plasmid, kindly provided by M. Milhollen, was derived from the one used to produce Ala ÁM0/M52L (Yu et al., 1995; referred to as [5-55] BPTI here) by adding a His-tag sequence at the N-terminal end of the trpÁLE (Staley & Kim, 1994) leader sequence. Other mutations were introduced by single-stranded mutagenesis (Kunkel, 1985) of the pMMHaBPTI-22 plasmid and veri®ed by DNA sequencing.
Protein expression and purification
BPTI variants were expressed as described by Yu et al. (1995) , except that carbenicillin was used in place of ampicillin. Inclusion bodies of the expressed proteins were solubilized in 6 M GuHCl and puri®ed with a nickel column. The trpÁLE leader sequence and the His-tag sequence were cleaved with cyanogen bromide and removed by a second passage through the nickel column. The proteins were further puri®ed by reverse phase HPLC, and their identities were con®rmed by MALDI-TOF mass spectroscopy (Perceptive Biosystem; Voyager Elite). The calculated masses for [5-55] BPTI , and BPTI-21 through to BPTI-29 are, respectively: 6372, 5967, 5880, 5728, 5682, 5602 and 5544 Da. The measured and calculated molecular masses agreed within 0.1 %.
Equilibrium sedimentation
Measurements were performed in a Beckman XL-A analytical centrifuge. Data were collected at 4 C using two rotor speeds (35 and 40 krpm), three wavelengths (222, 243 and 282 nm), and three protein concentrations (20, 50 and 100 mM in 20 mM acetate buffer, pH 4.7). Values for the density of solutions and the partial speci®c volumes of protein species were calculated according to the solvent and amino acid compositions (Laue et al., 1992) . For all variants, the data ®t an ideal monomeric model of ln (absorbance) versus radial distance squared, with no systematic deviation in the residuals.
Circular dichroism spectroscopy
Measurements were made using a 1 cm optical path length cuvette with an Aviv 62DS CD spectrometer equipped with a temperature-control unit. Proteins were dissolved in 20 mM acetate buffer (pH 4.7) to a concentration of 5 mM, as determined by absorbance at 275 nm in 6 M GuHCl, 20 mM sodium phosphate (pH 6.5), using an extinction coef®cient based on tryptophan, tyrosine, and disul®de content (Edelhoch, 1967) . For the thermal denaturation experiments, the temperature was raised at a rate of 1.5 deg. C min À1 . Thermal melts were reversible with superimposable folding and unfolding curves (95 %).
NMR spectroscopy
All samples, devoid of both buffer and salt, were prepared by dissolving lyophilized proteins in H 2 O or 2 H 2 O, and pH adjusted to 4.8 by titrating with small aliquots of 10 mM NaOH and/or HCl. Protein concentrations varied between 300 mM and 600 mM. Data were collected on a Bruker AMX 500-MHz spectrometer, and processed with FELIX95 software (Biosym). Prior to Fourier transform, 90
shifted sinebell windows were applied in both the t 1 and t 2 directions for the HMQC spectra. The 3D-NOESY-HSQC and 3D-TOCSY-HSQC (Fesik & Zuiderweg, 1988; Marion et al., 1989a,b) were measured with 200 Â 512 Â 32 points in the t 1 , t 2 and t 3 directions, respectively. For the 3D experiments, the t 1 direction was zero-®lled to 256 points, and linear prediction was used to increase the data points in the t 3 direction to 64 points.
Resonance assignments for BPTI-22 were performed using DQF-COSY, 2D-NOESY (100 and 150 ms), 2D-TOCSY (65 and 75 ms, at 4 C and 17 C), 3D-NOESY-HSQC (150 ms) and 3D-TOCSY-HSQC (75 ms) at 4 C, without reference to the NMR data of [5-55] Ala or wt-BPTI.
Trypsin inhibition
Inhibition of trypsin activity was assayed at 15 C by monitoring the hydrolysis of N a -benzoyl-D,L-arginine p-nitroanilide (BAPA) in 0.2 M phosphate buffer (pH 7.0) with 0.1 M KCl, at a trypsin concentration of 280 nM (Kassell, 1970) . Inhibitor and trypsin were incubated in buffer for ®ve minutes before the addition of BAPA, and the hydrolysis of BAPA was monitored by measuring absorbance changes over ten minutes at 405 nm.
